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Part I: EFFECT OF FIBER SHAPE

1.1 Introduction

In short fiber composites, the load transfer efficiency among fibers is crucial in effecting
superior composite properties. It is conceivable that this load transfer efficiency depends
on the shape, aspect ratio, and surface area of the fiber. Recently, some researchers have
used short fibers with two enlarged ends to reinforce polymer composites [1.1-1.2]. and
demonstrated the potential to improve significantly both strength and fracture toughness
of the composite. The primary toughening mechanism provided by the bone-shaped short
fiber is the large scale deformation in the surrounding matrix as the enlarged fiber ends
pull out. In an earlier study, Zeng and Sun [1.3] found that a wavy lap joint configuration
could yield much greater joint strengths than the conventional flat lap joints. This
improvement in strength of the wavy joint was found to be the result of the interfacial
stresses that were altered by the wavy geometry. The aforementioned success in wavy lap
joints has motivated the present study in the shape of the reinforcement. The effect of
surface area of the reinforcing element is of particular importance because of the
increasing use of nano particles to form nanocomposites. It is well known that for the
same volume, a material at nano scale possesses much greater surface areas than at larger
scales. It is evident that more surface areas mean more load transfer paths and, thus,
lower interfacial stresses between the reinforcement and the matrix. The lowering of
interfacial stresses is expected to lead to higher composite strengths.

The objective of this research is to study the efficiency of load transfer in short fibers
in composite materials. The variables of the reinforcement such as its shape and surface
area/weight ratio are investigated both theoretically and verified experimentally. It is
anticipated that the result of this research will benefit the design of the conventional short
fiber composites as well as the emerging nanocomposites in which nano particles have
extremely high surface/volume ratios.

Platelet type reinforcements are considered. Attention is focused on the effect of shape
and surface area of the platelet on the mechanical properties of the composite. To
simplify the experiment and observation, model composites are manufactured with
platelets whose lateral dimensions are on the order of centimeters and thickness in the
range of 0.01 - 1.0 mm. Micromechanics models are developed to help us understand the
load transfer mechanisms and to achieve the optimal platelet shape and thickness.

1.2 Experiments

For ease of processing and fabrication, we chose a metal fiber based composite system.
The straight and the wavy fibers were made using the Aluminum 6061 alloy. An
aluminum sheet of 0.8mm (0.032 inch) in thickness was cut into 4.6mm wide strips using
a water jet. The surface preparation of the aluminum strips involved drying at 2200 F for
about an hour so as to remove the moisture. The surface of the strip was then sanded by a
sand paper hence removing the oxide layer covering the surface and was then thoroughly
cleaned by acetone. The strip was then cut into short platelets of 20mm in length by using
a shear cutter. For the preparation of wavy fibers, the straight aluminum strip was
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compressed using a rigid mould yielding a bent shape as shown in Figure 1.1. The bent
strips were then cleaned again. Each wavy fiber (platelet) has a wavy part of 3mm at each
end and inclined at 150 to the center portion. The dimensions of the straight as well as
wavy fibers are given in Figure 1. 1.

Wavy Fiber

Straight Fiber 
3Wam

Thick 0.8mm J

Width 4.6mm

20m .14mm-

Figure L.I: Geometries of the straight fiber and wavy fiber

In the next step the short straight fibers (platelets) were glued in a sequence to form a
long chain with the same epoxy to be used as the matrix for the composite. Fibers were
aligned one over another as shown in Figure 1.2 (for the chain of straight and wavy
fibers). The epoxy is made by fully mixing Thermoset resin No. 66 and hardener with a
mixing ratio by weight of 1:1. The chain of wavy fibers was constructe4 in a similar
manner. Note that the overlap length was maintained at 3 mm for both types of fibers.
The epoxy was allowed to cure at room temperature for 24 hrs. After proper curing of the
epoxy, the chains were arranged in a mould using a spacer at each end to hold the fiber
chains in place so as to ensure a uniform spacing between the chains. Figure 1.3 shows
straight fiber chains in the mould before mixing with epoxy. The amount of the epoxy
cast into the mould was controlled to maintain the same thickness (7 mm) of the
specimen and, thus, the same fiber volume fraction of the specimens. The epoxy was
cured at room temperature for 24 hrs and post cured at 150'F for 3 hrs. The final
composite specimen contained three chains of fibers with a fiber volume fraction of 6%.

Figure 1.2 Chain of straight fibers and wavy fibers
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Figure 1.3 Straight fiber chains in the mould

Once fully cured, the specimen was cut to the desired width (35 mm) and length (200
mm). Tensile properties were measured using an MTS testing machine. A constant
displacement of 0.005mm/s was employed for all the samples. All of the specimens
experienced a sudden failure. The stress-strain curves up to failure of straight and wavy
fiber composites are shown in Figure 1.4.

Failure strengths of each type of composite are compared in Table 1. 1. It is seen that
the average strength of the wavy-fiber composite is greater than the straight-fiber
composite by 73%.

Table 1.2 compares the Young's moduli of the tensile specimens. Young's modulus
was determined from the slope of the stress-strain curve in the strain range of 0.02%-
0.1%. This was chosen as the materials exhibited linear stress-strain behavior within this
range. On average the Young's modulus of the straight fiber specimen is about 8 %
higher than the straight-fiber specimen.
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Figure 1.4 Stress-strain curves for composites with straight fibers and with wavy fibers

Table 1: Failure strengths of straight and wavy fiber short fiber composites
Sample # Straight Fiber (MPa) Wavy Fiber (MPa)

1 10.23 18.16
2 10.53 17.80

Average 10.38 17.98

Table 2: Young's moduli of straight and wavy fiber short fiber composites
Sample # Straight Fiber (GPa) Wavy Fiber (GPa)

1 4.13 3.78
2 4.10 3.86

Average 4.12 3.84

1.3 Analysis of Interfacial Stresses

To understand why the wavy fiber composite outperformed the straight fiber composite
in strength, finite element analyses were performed on a unit cell for each type of
composite. Proper boundary conditions must be applied in order to ensure the periodicity
condition so that the result of based on the unit cell can represent the global property of
the composite. The Linear Plane Strain Elements (Q4-4noded linear quadrilateral) in the
commercial FE code ABAQUS were used for the analysis. The area inside the overlap
was finely meshed so as to correctly capture the stress-strain distributions. Of interest are
interfacial stresses along the overlap of the adjacent fibers. Figures 1.5 and 1.6 show the
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distributions of the interfacial normal and shear stresses in the overlap region between
two fibers, respectively. Note that these stress components are referenced to the local
tangential and normal directions of the fiber. From Figure 1.5 we note that the interfacial
normal stress in both type of specimens are tensile and exhibit significant stress
concentrations at the edge of the overlap. The stress concentration in the wavy fiber
composite is seen to be less severe as compared with that in the straight fiber composite.
In Figure 1.6 we see that the level of interfacial shear stresses in the straight fiber
composites is about 80% higher than the interfacial stresses in the wavy fiber composite.
From the result of the FEA, it is evident that interfacial stresses between the wavy fibers
are much smaller than those between the straight fibers. This characteristic explains why
the composite with wavy fibers are stronger than the composite with straight fibers.

25

20 - Straight Fiber

15 -Wavy Fiber
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Figure 1.5 Interfacial normal stress distributions in the fiber overlap region

35

30

25

CL
S20

15

CO10

5~ Straight Fib~er

0
0 0.5 1 1.5 2 2.5 3

Distance along overlap

Figure 1.6 Interfacial shear stress distributions in the fiber overlap region
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1.4 Effect of Fiber Surface/Volume Ratio
In the composite, load in the matrix is to be transferred to the fiber. This load transfer has
to take effect through the fiber/matrix interface. Thus, it is reasonable to expect good
results if the fiber has a large surface area for a given volume. This is one of the reasons
why nano materials are attractive as reinforcements for composites.

The objective of this part of the research is to experimentally verify this concept using
a model composite and to develop a micromechanics model to explain this effect. The
model composite selected is basically the same as the straight fiber composite discussed
in Section II except for a few variations. First, copper was used make fiber chips in the
experiment because of its availability in thin gages. Copper panels of 0.25 mm (0.01
inch) and 0.5 mm (0.02 inch) in thickness were cut by a water-jet into 4.7 mm-wide
strips. Subsequently, the strips were cut into 2 cm chips. These chips were bonded into a
chain using the epoxy that was later used as the matrix of the composite. The overlap
length was 3 mm. For the composite specimen with thicker copper chips, there were three
chains of fibers with 10 mm spacing between adjacent fibers as shown in Figure 1.7. For
the thinner fiber composite specimen, there were six fiber chains with 5 mm fiber
spacing. The specimen width was 30 mm and thickness was 7 mm. The fiber volume
fraction was 4% for both types of composites.

Tension tests were conducted on these two types of specimens with a displacement
loading rate of 0.003 mm/s. Initially coupon specimens with straight edges were used
and failure always occurred near the grips. Later, dog bone shaped specimens as shown in
Figure 1.7 were used in the test. The stress-strain curves up to failure are shown in Figure
1.8. The strength data are listed in Table 1.3.

Figure 1.7 Composite specimen made of 0.5 mm thick copper fiber chains

Table 1.3 Failure strengths of thin and thick short fiber composites

Sample # Thin Fiber (MPa) Thick Fiber (MPa)
1 43.32 24.72
2 43.33 23.48

Average 43.33 24.10

8



50

45

40

35

L 30

U" 25
20

-flber thickness 0.021 in (1 st Set)

15 - - - fiber thickness 0.021 in (2nd Set)
20 

tt)

1 fiberthickness 0.01 in (1st Set)

. . . ......... fiber thickness 0.01 in (2nd Set)
5

0
0 0.5 1 1.5 2 2.5 3 3.5 4

Strain %

Figure 1.7 Tensile test result for composites with thin and thick fibers

The experimental result clearly indicates that, for the same volume fraction of fibers,
thin platelet fibers yield significantly higher composite strengths than thick fibers. The
stress-strain curves in Figure 1.7 also indicate that he specimens with thick fibers seem to
have a higher stiffness than the ones with thin fibers. is because the specimens with thin
fibers have better load transfer than the ones with thick fibers. The thin copper fibers
carried more load and reached yielding stress much earlier than the thick fiber. As a result
in the specimens, the specimens with thick fibers seem to have a higher stiffness than the
ones with thin fibers.

1.5 Conclusion

The following conclusions have been obtained from the results obtained from the
research in this reporting period.

0 Wavy fibers lower the interfacial stresses and thus increase the composite strength
significantly.

* The wavy fiber composite studied has a lower stiffness.
* For the same fiber volume fraction, the composite with thinner fibers has a greater

strength than the composite with thicker fibers.

1.6 References
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Part II: EFFECT OF FIBER SURFACENOLUME RATIO - FIBER PULL-OUT
TEST

11.1 Introduction

Short fiber composites offer many advantages over continuous fiber composites
mainly in that they are easy to manufacture complex shapes and that they often offer
mechanical properties that are comparable to continuous fiber composites. The increasing
use of nanomaterials as reinforcements in composites has recently received considerable
attention due to potentially distinct property improvements. Among the various
nanocomposites, nanoclay composites have been of increasing interest to many
researchers [11.1]. The load transfer efficiency in short fiber composites is one of the most
crucial factors affecting the overall composite properties. The load transfer efficiency
depends on the nature of the reinforcement namely its shape, size and the surface area.
One of the main differences between nanomaterials and conventional materials is that
they have a very high surface area per unit volume. A nanomaterial can have
substantially different properties from its bulk counterpart as many of these properties are
governed by surface interactions.

In a composite, load in the matrix is transferred to the fiber. This load transfer has
to take effect through the fiber/matrix interface. Thus, it is reasonable to expect good
result if the fiber has a large surface area for a given volume. This is one of the reasons
why nano materials are attractive as reinforcements for composites.

The effect of surface area on the stress load efficiency in short platelet type fiber
composites is investigated. Fiber pull-out tests are conducted on a model composite with
vinyl ester as the matrix and steel platelets of different thickness dimensions as
reinforcements. Test results indicate that the thin fiber composite is more effective in load
transfer than its thick fiber counterpart. A two-dimensional finite element with the
application of appropriate boundary conditions was used for analysis of interfacial
normal and shear stresses which provide the explain the test results.

The load transfer efficiency has been a subject of investigation for some time. Hsueh
[11.2] developed a two-dimensional stress transfer model for platelet reinforcement.
Hsueh et al. [11.3] analyzed the stress transfer in platelet-reinforced composites by
performing analytical modeling and numerical simulations. Analysis by Tsai and Sun
[11.4] indicated excellent load transfer efficiency in nanocomposites with uniformly
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dispersed platelets on account of high aspect ration of platelets. Recent studies by Sun et
al. [11.5] on short platelet type fiber composites has demonstrated the potential to
significantly improve the strength by increasing the surface area of the fiber. It was found
that for the same fiber volume fraction thin fiber composites can have about 75% higher
strength than the thick fiber composites. The success in achieving higher strengths by use
of thinner platelet fibers has motivated the present study.

It is conceivable that for the same fiber volume in the composite, the thinner fibers
provide more load transfer paths and thus lower interfacial stresses between the matrix
and reinforcement. Since interfaces between the fiber and matrix are the weak links in the
composite, the lowering of interfacial stresses is expected to result in higher composite
strength. The objective of this research is to study the effect of surface area on the
efficiency of load transfer in short fiber composites. Experiments on fiber pull-out are
conducted using a model composite and the results are verified with the finite element
analysis.

In this study, platelet type reinforcements are considered. For the ease of fabrication
and conducting experiments, composite specimens having a vinyl ester matrix with steel
platelets as reinforcements are manufactured with the platelet thickness in the range of
0.1-1mm. the width of the platelets is of the order of centimeters. Fiber pull-out tests are
carried out to determine the load transfer efficiency.

11.2 Experiment

For easy fabrication and processing, a metal fiber composite system is chosen. The
fiber platelet was made using the steel 1095 alloy. Steel sheets of 0.127mm (0.005in),
0.254mm (0.Olin) and 0.508mm (O.O2in) in thickness were cut into strips 4.6mm wide
using a water jet cuffing machine. The surface of the strip was then sanded by a sand
paper (220 grit) to remove the top layer and was then cleaned thoroughly with acetone. In
the next step, the steel platelet was cast into the matrix. Vinyl ester matrix was chosen
which was made by thoroughly mixing vinyl ester resin with 1.75% (by weight) MEKP
hardener. A mold was prepared with fiber in place and vinyl ester was poured around it.
It was allowed to cure for 24 hrs at room temperature and then post cured at 2500F for 2
hrs. The final composite specimen has a fiber length of 18mm embedded inside the
matrix. Once fully cured, the specimen was cut to the desired width. Fig. 1 shows the
typical specimen geometry.

Figure 1.1: Specimen details
Specimens were tested using a 22 kips MTS machine for tensile properties The lower

end of the specimen was gripped and the steel platelet was applied with a constant
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displacement of 0.002mm/s. The stress-displacement curves for the specimens are shown
in Fig. 11.2. The pull-out stresses for each thickness are compared in Table II. 1.

Table 11.1 pull-out stresses for thin, thick, and thicker fiber specimens
Specimen # Thin Fiber (MPa) Thick Fiber (MPa) Thicker Fiber (MPa)

1 834.51 708.62 576.45
2 834.76 692.16 559.21

Average 834.64 649.74 502.75

Failure/pullout modes for all of the specimens were similar. When loaded, the fiber
platelets transfer the load to the surrounding matrix. As the load in the fiber platelet was
increased further, the specimens experienced a sudden pullout which represents the point
when no more load can be transferred to the matrix. Figure 11.3 shows the de-bonded
fiber and matrix after pullout. The sudden drop in the stress values in Figure 11.2
represent the point of pull out. As can be seen from Figure 11.2, the thick fiber specimens
(0.02in) fractured at the point of pull out. To ascertain that this actually was the pullout
point, we tested a couple of more specimens of the same width and a couple of specimens
with a wider matrix. The tests for the subsequent set of specimens did reflect pull out at
about the same stress value. If loaded beyond the pullout point, the fiber platelet
experienced frictional sliding. The wavy nature of the stress-displacement curve for
0.005in fiber is due to relatively quicker load build up than its thicker counterparts.

900-

800 -0.005 in (1)

700 -0.005 in (2)
S700 -0.01 in (1)

_60 -0.01 in (2)
-0.02 in (1)

L) 500 -- 0.02 in (2)

C 400

U) 300-
0_

Cl) 200-

100-

0
0 0.1 0.2 0.3 0.4 0.5 0.6

Displacement (mm)

Figure 11.2: Stress-displacement curve for fiber pull out tests
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Figure 11.3: Debonding of fiber and matrix after initial pullout

The test results presented in Figure 11.4 indicate that thinner fibers yield a higher
pullout stress than the thicker fibers. As the thickness of the fiber is reduced, the pullout
stress increases. There is an increase of about 30% for each reduction in the thickness of
the fiber. This increase can be attributed to the fact that by having same volume fraction
of fibers and increasing the contact area between the matrix and fibers, there is a better
and more efficient stress transfer from fiber to matrix and vice versa.

900 28.45%

800

'� 700 29 23%
a.

600

: 500
.6�

0. 200

100

0
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Figure 114 Companson of average pullout stress
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11.3 Finite Element Analysis

To understand better the effect of thickness on the stress transfer efficiency of short
fiber composites, finite element analyses were performed by modeling the thick
(0.508mm or 0.02in) and thin fiber (0.254mm or 0.Olin) composite specimens in the
commercial finite element code ABAQUS. The stress distributions along the fiber and
the interface were studied. A two-dimensional finite element model as shown in Fig. 11.5
was constructed. Proper boundary conditions were applied and the fiber was pulled by a
uniform stress of 1 MPa. The thickness of the epoxy was set as 6.5mm and the
embedded length of the fiber was taken to be 18mm. Linear plane strain elements (Q4-4
noded linear quadrilateral) were used for the analysis. The area near the interface was
finely meshed (Fig. 11.6) so as to correctly capture the interfacial stress distribution.
Identical element sizes were used in analyses in order to enable comparison of stresses.
The elastic moduli and Poisson's ratios for the fiber and the matrix were taken to be
165GPa, 3.6GPa and 0.3, 0.36, respectively.

Of interest are the interfacial stresses in the composite model. Figs. 11.7 and 11.8 show
the distributions of interfacial normal and shear stresses for the thick and thin fiber
respectively. These stress components are referenced to the local tangential and normal
directions of the fiber.

2 atrix Fiber

Figure 11.5 Finite Element Model

Figure II.6 Finite element mesh (not to scale)
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Figure 11.7 Distribution of interfacial normal stress

From Figure 11.7 we can see that both thin and thick fiber composites have a
significant normal stress "singularity" at the embedded end and the location free end.
Near the embedded end (0 mm) the thicker fiber has about 57% higher stress values than
the thin fiber. Also there is a considerable difference in their shear stress distributions
(Figure 11.8). The shear stress concentration in the thin fiber composite is observed to be
less severe than the thick fiber composite. These interfacial stresses near the embedded
end for thicker fiber are about 30% more than those for the thin fiber. From the result of
finite element analysis, it can be concluded that on account of lower interfacial normal
stress and shear stress concentration, the thin fiber composites outperform the thick fiber
composites.
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Figure 11.8 Interfacial shear stresses

15



11.4 Conclusion

Increasing the surface area can significantly increase the load transfer efficiency of
platelet type composites. For the same fiber volume fraction, the thin fiber composites
exhibit higher pullout stresses than the thick fiber composite. On account of increased
surface area of fiber platelet and hence the load transfer paths, there is a reduction in
interfacial normal and shear stresses which results in higher composite strengths.
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Part III: EFFECT OF REINFORCEMENT SIZE ON MODULUS AND
STRENGTH

111.1 Introduction

In short fiber composites including nanocomposites, the load transfer efficiency
among fibers is crucial in effecting superior composite properties. It is conceivable that
this load transfer efficiency depends on the shape, aspect ratio, and surface area of the
fiber. The effect of surface area of the reinforcing element is of particular importance
because of the increasing use of nano particles in nanocomposites. It is well known that
for the some volume, a material at nano scale possesses much greater surface areas than
at larger scales. It is evident that more surface areas mean more load transfer paths and,
thus, lower interfacial stresses between the reinforcement and the matrix. The lowering of
interfacial stresses is expected to lead to higher composite strengths. In the previous
sections, we used model composites to reach the following conclusions: 1) Wavy fibers
lower the interfacial stresses and thus increase the composite strength significantly; 2) for
the same fiber volume fraction, the composite with thinner fibers has higher strength than
the composite with thicker fibers, 3) result of fiber (platelet) pull-out tests indicates that
thinner fibers gave a higher pull out strength than thicker fibers. The increase was about
30% for each 50% reduction in the thickness of the fiber.

The effect of particle size on mechanical performance of composites has been
addressed by many authors. Leidner and Woodhams [111.1] demonstrated that the tensile
strength of glass beads/polyester composites increases as the size of glass beads
decreases. Gent [11.2] used an analytical study based on Griffith's fracture criterion to
conclude that the stress inducing debonding of particle from matrix increases with
decreasing particle size. Needleman [111.3] reached a similar conclusion based on a
numerical study using a cohesive zone model. Gent and Park [111.4] conducted
experimental observations with a single glass bead embedded in elastomer specimens and
found that the stress level associated with matrix cavitation and particle/matrix debonding
becomes higher as the inclusion size becomes smaller. In recent years, various
nanomaterials with various unique properties have been produced. Due to their much
greater reactive surface area per unit volume compared that of larger particles,
nanomaterials together with polymers have been explored to form nanocomposites.
Consequently, the interest in the subject of particle size effect at the nano meter scale has
been revived.

Ng et al. [111.5] measured tensile properties and scratch resistance of TiO2 (32
nm)/epoxy nanocomposites and compared them to those of composites with micron size
TiO2 (0.24 t in). In comparison, higher failure strain and scratch resistance were

observed in the nanocomposite [111.5]. Flexural modulus and strength measurements were
performed with alumina (A120 3) particles of 40 nm, 1 u m and 3 pm in diameter with a
vinyl ester resin [111.6]. The flexural modulus was not affected by the particle size, but the
strength was found to be lowered as the particle size decreased. The decrease in strength
relative to the particle size was attributed to poor dispersions of nanoparticles in the
composite.
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In order to understand the size effect of all scales in particulate composites, the
failure mechanism and mechanical properties in these composites must be understood. In
this study, systematic experimental programs together with finite element analyses were
performed on polymeric composites reinforced with spherical particles. The particle sizes
considered ranged from macro (0.5 mm) to nano (15 nm) scale. Mechanical properties of
the composites were measured through tensile tests. With the aid of a specially designed
load frame, microscopic failure process in the composite was observed during tension
tests. The effect of nanoparticle dispersion on composite failure was studied with SEM
(Scanning Electron Microscope) and TEM (Transmission Electron Microscope) images.

The experimental observations were analyzed numerically. For the composites
with microparticles, finite element analyses were performed to investigate the particle
size effect on their failure mechanism. For the composites with nanoparticles, molecular
dynamics simulations were carried out. In this paper, the authors present the results of the
finite element analyses. The analysis results by molecular simulations will be included in
our next paper.

Finite element analyses of the debonding interfacial crack were performed taking
into accounts particle size as well as partial debonding between particle and matrix. The
effect of particle and interfacial crack size on the total strain energy release rate was
investigated with the modified crack closure method [111.7]. The mode mixity was
calculated based on the displacement ratio method [111.8, 111.9]. Interfacial fracture
toughness of single glass bead/vinyl ester matrix composites was evaluated by computer
aided image analysis associated with the applied loading history. The effect of particle
size and mode mixity of the interfacial crack on the fracture toughness was investigated.

111.2 Experimental Investigation

The effect of particle size on Young's modulus and failure stress by tensile loading
are presented in Figures. III. 1 and 111.2, respectively. Both properties are normalized
with the neat resin properties. From Figs. III.la and III.lb, it is evident that, the
composite Young's modulus is influenced by particle volume fraction and modulus
rather than its size if the particle size is of micro scale. However, as the size of
alumina particles reduces to 50 nm and 15 nm in diameter, the composite Young's
modulus increases as shown in Figure III. lb.

As seen in Figures III.2a and III.2b, the strength of the composite is significantly
dependent on the size of particles. The tensile strength increases as the particle size
decreases except for the composite with alumina nanoparticles of 3% volume
fraction. We attribute this strength weakening to the result of poor dispersion of the
nanoparticles in the 3% nanocomposite.
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Figure III. 1 Effect of particle size on Young's modulus of composites
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Figure 111.2 Effect of particle size on tensile strength of composites
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(a) I vol. % Alumina Particles (b) 3 vol. % Alumina Particles
Figure 111.3 TEM images of nanocomposites with 15 nm alumina particlesIV,

4.k

(a) SEM (Left) and TEM (Right) images of nanocomposite with I vol. % alumina
particles (Circles indicate particle clusters in SEM image.)

4r4

(b) SEM (Left) and TEM (Right) images of nanocomposite with 3 vol. % alumina
particles (Circles indicate particle clusters in SEM image.)

Figure III.4 SEM and TEM images of nanocomposites with 50 nm alumina particles
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Figure 111.5 Demonstration of failure progression; (a) debonding Initiation at one pole of
the particle, (b) debonding growth at the pole, (c) debonding appearance at the opposite-
pole, (d) full extent of debonding
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Figure 111.6 Partially debonded particles and definition of debonding angle

All composites experienced failure initiation in the form of debonding between
matrix and particles. The debonding initiation appeared mostly at one pole of the particle
in the direction of the applied tension. The number of debonded particles and the
debonded area grew as the applied stress increased. For particles smaller than 70 jLm in
diameter, debonding area at one pole grew to a certain size, and then stopped.
Subsequently, debonding appeared on the opposite pole of the particles. Eventually,
debonding growth ceased at the applied stress of about 80-90% failure stress. At that
stage, the debonding angle measured from the pole to the front of the debonded region
was around 52-62 degrees. The images in Figure 111.5 show the sequence of the failure
progression. Figure 111.6 shows an image of debonded particles and measured debonding
angle at the applied stress of 90% failure strength.
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111.3 Finite Element Analysis

Particle/matrix debonding was treated as an interfacial fracture problem. The effect of
particle size on debonding growth was investigated in terms of total strain energy release
rate, fracture mode mixity and interfacial fracture toughness. Analysis results were
compared with experimental observation of the debonding growth behavior.

The cylindrical cell is axisymmetric with respect to the loading axis and is employed
as the RVE of the composite. For the RVE with debonding, two models were constructed
in consideration of one-pole and symmetric (two-pole) debondings. The RVE with the
one-pole debonding was modeled with a full axisymmetric plane. For the symmetric
debonding, a half axisymmetric plane was taken for the finite element model.

The total strain energy release rate has been used as a fracture parameter for interfacial
crack propagation. In this study, the modified crack closure technique was employed to
evaluate the total strain energy release rate. In the technique, the strain energy released
during crack extension is obtained by calculating the work needed to close the opened
crack surfaces. The total strain energy release rates of particle/matrix debonding for
different particle sizes corresponding to a tensile load of 1 MPa are presented in Figure
111.7. The particle sizes considered were 1 ltm, 5 ltm, and 10 jam in diameter. Interfacial
crack propagation was simulated by increasing the debonding angle from 20 degree to 80
degree. It is clearly seen in Figure 111.7 that GT of the interfacial crack decreases as the
particle size decreases. This implies that, for the same interfacial toughness, it would
require a greater driving force GT to grow debonding at a smaller particle. As a result,
smaller particles could enable the composite to carry higher loads.
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Figure 111.7 Effect of Particle Size on Total Strain Energy Release Rate of One Pole
Debonding (Triangles, diamonds and squares indicate the particle size of 1 ptm,

5 ltm and 10 pim in diameter, respectively; Applied load is IMPa.)
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Figure 111.8 Fracture toughness with respect to debonding angles (symbols of diamond,
square, circle and triangle represents particle size of 0.3 mm, 0.5 mm, 1.0 mm and 1.2
mm in diameter.)

Fracture toughness measurement of the spherical inclusion/matrix interfacial crack
was performed with specimens of a single glass bead embedded in the vinyl ester matrix.
In order to take into accounts the effect of the particle size on toughness, different size
glass beads were used in the measurement. Interfacial fracture toughness was measured
with glass beads of 0.3 mm, 0.5 mm, 1.0 mm and 1.2 mm in diameter. Fracture toughness
of those interface cracks was obtained from the total strain energy release rates resulting
with the measured debonding stresses. The result is presented in Figure 111.8 in terms of
the critical energy release rate vs. debonding angle. From the result, it is reasonable to
state that there is no significant effect of the particle size on fracture toughness at least for
mm size particles. In addition, the fracture toughness is seen to increase exponentially
when the sliding fracture mode becomes dominant. It may explain the fact that debonding
cracks cease to grow beyond debonding angles of 52-62 degrees.

111.4 Molecular Dynamics Simulation

Models of nanocomposites consisting of amorphous linear polymer chains and
rigid nanoparticles of various sizes were selected for molecular dynamics simulations. In
this study, the polymer chain was a bead-spring chain with 100 monomers. Nanoparticles
were generated with the same beads of the polymer beads. However, since nanoparticles
are generally heavier than polymers, the mass of the beads used to generate the
nanoparticles were set to be double to that of the polymer beads. The nanoparticles were
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constructed in a simple cubic crystal structure. In addition, they were maintained rigid
during simulations with constraint of the distance between the centers of the beads.

All non-bonded beads interacted according to the Lennard-Jones pair potential,

U~j (r) = 4 upk, [(LI, where k =n, p(1

where lr is the equilibrium distance of bead pairs and the basic length unit of the Lennard-
Jones potential; ry is the separation between beads i andj; the subscripts n and p represent
nanoparticle and polymer, respectively. Thus, the energy unit upp and up,, indicate the
strength of polymer-polymer and polymer-nanoparticle interactions, respectively. For
computational convenience, the strength of polymer-polymer interactions upp was set to
be unity, i.e., upp = 1. The potential was truncated to yield zero energy and force at the
cut-off radius rc=2.21r.

Adjacent bonded beads in a chain interacted with the FENE potential,

UFENE(r) = -0.5kR, ln r• j+4um [li l 6  (2)

where R, = 1.5 1r and k = 30 upp/lr2. In Equation (2), the first term generates attractive
force, and the second Lennard-Jones term does repulsive force. The first term allows the
bond to extend to R,, which is the maximum extent of the bond. If the bond length
exceeds R,, the first term is conditioned to generate infinite attractive force, so that it can
be avoided to have broken bonds during simulations. The second term is cut off at
r, = V-l,, where the minimum of the Lennard-Jones potential takes place.

Three different strengths of polymer-nanoparticle interactions were considered
using the Lennard-Jones potential. By comparing to the interaction strength upp of the
polymer chains, these polymer-nanoparticle interactions were named as strong, neutral,
and weak interactions, respectively. For the strong interaction, we set up,=2upp, for the
neutral interaction, up,=upp, and for the weak interaction, up,=O.5upp

Simulations of simple tension tests on the nanocomposites constructed as
described above were performed by applying uniform uniaxial extension on the
simulation box. This was done by allowing the volume and shape of the simulation box to
change. On the lateral surfaces of the simulation box, stress free conditions were imposed.
All simulations were performed using a molecular dynamics simulation package
LAMMPS that was developed at Sandia National Laboratories.

In Figure 111.9, stress-strain curves of nanocomposites with 18% volume fraction
of nanoparticles for different polymer-nanoparticle interactions, volume fractions, and
nanoparticle sizes are presented. The Young's moduli are summarized in Figure 111.10. It
is evident from Figures 111.9 and 111. 10 that both the modulus and load-carrying capacity
of the nanocomposite with the strong or neutral polymer-nanoparticle interaction increase
as the size of the nanoparticle decreases. For the weak interaction, there is little
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improvement resulting from a size decrease in the nanoparticle from 7 .0 71r to 4 .2 41r as
seen in Figure III.9c.
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Figure 111.9 Effect of nanoparticle size on tensile behavior of nanocomposites (volume
fraction = 18% and a* = a(lr3)/Uo )

The increase of modulus in nanocomposites with smaller nanoparticles may be viewed
from the stress distribution near the nanoparticle. A volume-averaged stress was used to
indicate the local stress level in the polymer near the nanoparticle. Figures III. 1-111.-13
present the distributions of the averaged stress component in the loading direction along
the distance normalized by the nanoparticle radius. The applied strain is 1% engineering
strain and the volume fraction 18%.

It is shown in Figures III.11 - 111. 13 that the stronger polymer-nanoparticle interaction
induces higher stresses near the nanoparticle, and that smaller nanoparticles cause higher
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stresses around the nanoparticle. As shown in Figure III. 13, the stress distributions in the
composites with three different sizes of nanoparticles, respectively, show little difference
if the polymer-nanoparticle interaction is weak. This explains why, in the case of weak
particle/polymer interactions, there is no appreciable nanoparticle size effect on Young's
modulus of the nanocomposite.
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Figure III.10 Effect of nanoparticle size and polymer-nanoparticle interaction strength on
Young's modulus of nanocomposites (Em = 27.3; Young's modulus of the polymer
matrix; volume fraction = 18 %.)
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Figure Ill. 11 Volume averaged stress distributions around the nanoparticles with the
strong polymer-nanoparticle interactions (diamonds, circles and triangles indicate the
nanoparticle radii of 4.24/1, 7.071, and 12.221•, respectively.)
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Figure 111.12 Volume averaged stress distributions around the nanoparticles with the
neutral polymer-nanoparticle interactions (diamonds, circles and triangles indicate the
nanoparticle radii of 4.241r, 7.071r and 12.221r, respectively.)
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Figure 111.13 Volume averaged stress distributions around the nanoparticles with the
weak polymer-nanoparticle interactions (diamonds, circles and triangles indicate the
nanoparticle radii of 4.241r, 7.071, and 12.22l1, respectively.)
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111.5 Conclusion

A systematic experimental and numerical study has been conducted to determine the
effect of particle size on elastic modulus, tensile strength, and particle/matrix debonding
fracture behavior of particulate composites. The major findings are summarized as
follows.

1) The Young's modulus of a particulate composite is not influenced by the size of the
particle if it is of micron or larger sizes. However, the composite Young's modulus is
enhanced with decreasing particle sizes at nano scale. It is considered from molecular
dynamics simulations that this enhancement of modulus by nanoparticles may be
attributed to a stiff polymer layer formed by highly dense polymer beads around
nanoparticles. Through the stiff polymer region, higher stresses are transferred near the
nanoparticles with smaller particles and stronger polymer-nanoparticle interactions.
Moreover, it was observed that in order to increase Young's modulus with decrease of
nanoparticle size, the interaction strength between polymer chains and nanoparticles
needs to be larger than that between polymer chains themselves.
2) The tensile strength of particulate composites can be improved with decreasing particle
size. However, due to the likely poor dispersion of nanoparticles at higher particle
loading, composites with 3 vol.% nanoparticles resulted in a lower tensile strength than
that with microparticles.
3) From the experimental observation together with a numerical analysis, it was found
that the effect of particle size on particle/matrix interfacial fracture toughness is
negligible. However, the interfacial crack for smaller particles requires higher applied
stress to grow because the energy release rate decreases as the particle size deceases for
the same applied stress. It was also observed that the fracture toughness increases
exponentially when the sliding mode of the interfacial crack prevails.
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